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Am the surface area of the membrane (m )
b adsorption affinity, a constant related to the heat of adsorption
C concentration of the adsorbate in the solution (bulk phase concentration, mg/L)
Cb the organic concentration in the bulk phase in the reactor (mg/L)
Ce equilibrium concentration of the solute (mg/L)
Ce effluent concentration
Ci influent concentration
C0 the organic concentration in the feeding tank (mg/L)
Cr Q/3 concentration in the bulk phase
C" equilibrium concentration of Q/3 in the bulk phase
Cs the concentration of the external surface of PAC particles (mg/L)
De the free liquid diffusivity of the solute
Ds the surface diffusion coefficient (the rate of diffusion of the target 
compound along the surface of the carbon, m /s)
H adsorption constant (Henry’s Law)
k the first order reaction coefficient
ka coefficient for adsorption onto PAC
km coefficient for attachment to the membrane
kd coefficient for the bacterial decay, and
ke coefficient for inactivation due to the desorption of Q/3 from PAC
K constants characteristic of the system
Kf the external mass transfer coefficient (m/s) 
ks the solid mass transfer coefficient
M the weight of PAC used (g)
MCC the membrane correlation coefficient
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n parameter in the Sips equation
1/n constants characteristic of the system
q measured amount of organic matter adsorbed onto a unit amount of
adsorbent (mg/g)
q° maximum adsorbed phase concentration (mg/g)
qe saturation amount of organic adsorbed (mg/g)
qm amount of solute adsorbed per unit weight of adsorbent required for 
monolayer capacity (mg/g)
qt the rate of change of surface concentration with time (t) at any radial
distance (r) from the center of the activated carbon particle during 
adsorption (mg/g)
Q the flow rate (m3/s)
R radius of carbon particle, L
T temperature
V the volume of the bulk solution in the reactor (nr)
VM the volume of membrane (m3)
W PAC dose
[(M/V)-(dq/dt)] represents the adsorption of the organics onto PAC in suspension
[(AM/VM)'MCOCb] describes the adsorption onto the PAC layer deposited onto
membrane surface
Greek letters
£■ parameter (= vF(l + KW))
\p organic concentration spreading parameter
5 the thickness of the diffusional sublayer
pp apparent density of the activated carbon (kg/m3)
X
LIST OF TABLES
Table 2.1 Water consumption for different activities in Australia (Australian Bureau of 
Statistics, 2000 and Sydney Water, 1999)
Table 2.2 Annual water reuse from water utility STPs in Australia during 2001 and 
2002 (Radcliffe, 2003a)
Table 2.3 Recycled water use in State capital cities during 2001 and 2002 (Radcliffe, 
2003b)
Table 2.4 The quality of recycled water in Homebush Bay STP (Melbourne Water, 1999) 
Table 2.5 The practical applications of adsorption and related areas (Dqbrowski, 2001) 
Table 2.6 Basic types of common adsorbents (Dqbrowski, 2001)
Table 2.7 Comparison of GAC and PAC Properties (AWWA, 1995)
Table 2.8 Settling time for representative particles (Dharmappa and Hagare, 2000)
Table 2.9 Common flocculation chemicals (AWWA, 1995)
Table 2.10 Technically relevant main membrane processes in water treatment (Aptel 
and Buckley, 1996)
Table 2.11 Application of membranes for treatment of wastewater allowing for the type 
of substance subject to treatment (Fane, 1996)
Table 2.12 Comparison of various pressure-driven membrane processes (Mulder, 1996)
Table 2.13 Milestones in the development of microfiltration (Baker, 2000)
Table 2.14 Porosities and pore size distributions achieved by various preparation 
methods (Mulder, 1996)
Table 2.15 Average foulant distribution worldwide (Van Hoof et al., 2002)
Table 2.16 Methods of determining critical flux (Le Clech et al., 2003)
Table 2.17 Composition of organic materials in wastewater (Levine et al., 1985)
Table 2.18 Membrane configurations (Stephenson et al., 2000)
Table 2.19 Membrane configurations (Stephenson et al., 2000)
Table 2.20 Comparison of different configurations of MBR hybrid system (Seyfried et 
al., 1998)
XI
Table 3.1 Constituents of the diluted synthetic wastewater 
Table 3.2 Constituents of the synthetic wastewater
Table 3.3 Specific characteristics of biologically treated wastewater used over the 
experimental period (Homebush, Sydney)
Table 3.4 Characterization of biologically treated sewage effluent (Gwangju, South 
Korea)
Table 3.5 Characteristics of powdered activated carbon (PAC) used 
Table 3.6 Adsorption equilibrium experimental conditions 
Table 3.7 Adsorption kinetics experimental conditions
Table 3.8 Experimental conditions for filtrate quality experiments
Table 3.9 Experimental conditions for adsorption (PAC) as pretreatment to CFMF
Table 3.10 Experimental conditions for flocculation (FMF) as pretreatment to CFMF
Table 3.11 Experimental conditions for PAC and FMF as pretreatment to CFMF
Table 3.12 Experimental conditions for the short term and long term critical flux 
experiments using synthetic wastewater
Table 3.13 Experimental conditions for the short term critical flux experiments using 
biologically treated wastewater (sewage) effluent from Homebush WRT
Table 3.14 Experimental conditions to study the effect of different crossflow velocity on 
critical flux of synthetic wastewater
Table 3.15 Experimental conditions for the short term and long term critical flux using 
biologically treated effluent from Gwangju STP
Table 3.16 Characteristics of the hollow fiber membrane module
Table 3.17 Experimental conditions of short-term SMAHS experiments with synthetic 
secondary sewage effluent
Table 3.18 Experimental conditions of SF as pretreatment to SMAHS
Table 3.19 Experimental conditions of long term SMAHS experiments
Table 4.1 TOC removal efficiency of adsoiption kinetics at different time (PAC dose = 
1 g/L; initial TOC = 2.5519 mg/L; stirring speed =110 rpm)
XII
Table 4.2 Effluent quality with different pretreatment (FMF velocity = 40 m/h; FeCL = 
50 mg/L; PAC dose = 1 g/L; PAC mixing time = 1-2 minutes; average 
influent TOC = 2.75 mg/L; experiment duration = 2 hours)
Table 4.3 Comparison of filtration flux of adsorption-CFMF hybrid system at different 
dose of PAC (filtration flux = 200 L/m2.h; membrane backwash frequency = 
36 min)
Table 4.4 The average value of TOC removal efficiency of adsorption-CFMF hybrid 
system operated at different initial filtration fluxes (PAC dose = 1 g/L; 
membrane backwash frequency = 36 min)
Table 4.5 Comparison of average filtration flux of adsorption-CFMF hybrid system 
operated at different initial filtration fluxes (PAC dose = 1 g/L; membrane 
backwash frequency = 36 min)
Table 4.6 Comparison of average filtration flux of adsorption-CFMF hybrid system for 
different backwash frequencies (PAC dose = 1 g/L; initial filtration flux = 250 
L/m2.h)
Table 5.1 Effect of pretreatment on TOC removal of synthetic wastewater (Jar test)
Table 5.2 Comparison of a long and short term critical flux of synthetic wastewater 
under different pretreatment conditions (synthetic wastewater; membrane 
pore size = 0.45 /xm; crossflow velocity = 0.15 m/s)
Table 5.3 Average TOC removal efficiencies after different pre-treatments and CFMF 
(synthetic wastewater; membrane pore size = 0.45 /xm; crossflow velocity = 
0.15 m/s)
Table 5.4 The Reynolds number (Re) and shear stress values for different crossflow 
velocities
Table 5.5 Effect of pretreatment on TOC removal of Homebush biologically treated 
effluent (Jar test)
Table 5.6 The critical flux of biologically treated wastewater under different 
pretreatment conditions (crossflow velocity = 0.15 m/s; membrane pore size 
= 0.65 /mi)
Table 5.7 The critical flux of biologically treated wastewater under different 
pretreatment conditions (crossflow velocity = 0.15 m/s; membrane pore size 
= 0.45 fini)
Table 5.8 Average TOC removal efficiencies after different pre-treatments and CFMF 
(wastewater TOC = 6.8 mg/L; membrane pore size = 0.45 /xm; crossflow 
velocity = 0.15 m/s)
Table 5.9 Effect of pretreatment on total organic carbon (TOC) removal of Gwangju 
biologically treated effluent (Jar test)
XIII
Table 6.1 The mass transfer coefficient in synthetic wastewater at different doses of 
PAC (initial TOC = 3.63 mg/L; stirring speed =110 rpm)
Table 6.2 The modeling parameters of SMAHS at different PAC doses (filtration flux = 
48 L/m2.h; preadsorption = 1 hour; aeration rate =16 L/min; backwash 
frequency = 1 hour; backwash duration = lmin; backwash rate =120 L/m2.h)
Table 6.3 Experimental conditions with different filtration flux during short-term 
experiments (PAC dose = 5 g/L; aeration rate = 16 L/min; preadsorption = 1 
hour; backwash frequency = 1 hour; backwash duration = 1 min; backwash 
rate = 2.5 times of filtration flux)
Table 6.4 The modeling parameters of SMAHS at different filtration flux (PAC dose = 
5 g/L; aeration rate = 16 L/min; preadsorption = 1 hour; backwash frequency 
= 1 hour; backwash duration = 1 min; backwash rate = 2.5 times of filtration 
flux)
Table 6.5 The average TOC removal efficiency at different operation configurations 
(filtration flux = 60 L/m2.h; PAC dose = 2 g/L; FeCf dose = 60 mg/L; 
flocculation velocity gradient = 30 s , aeration rate = 12 L/min)
Table Al The critical flux of single component (membrane pore size = 0.45 /xm; 
crossflow velocity = 0.15 m/s)
XIV
LIST OF FIGURES
Figure 2.1 Water quality changes during municipal uses of water in a time sequence 
(Asano, 2001)
Figure 2.2 Schematic illustrating difference between dead-end and crossflow filtration 
(Ripperger, 1989)
Figure 2.3 Schematic of various applications of MF: (a) MF only; (b) organics removal 
by MF pretreatment with coagulant or PAC; (c) MF as pretreatment to 
reverse osmosis; (d) MF as pretreatment to nanofiltration (Jacangelo and 
Buckley, 1996)
Figure 2.4 Figure 2.4 Classification of organic substances present in natural water 
(Jegatheesan et al., 2002)
Figure 2.5 Typical organic constituents in settled municipal wastewater (Levine et al., 
1985)
Figure 2.6 Evolution of water reclamation treatment processes (Cote et al., 1997)
Figure 2.7 Schematics of MBR systems (Fane and Chang, 2002)
Figure 3.1 Adsorption equilibrium experimental apparatus
Figure 3.2 UV-Persulphate TOC analyzer (Dohrmann, phoenix 8000)
Figure 3.3 Adsorption kinetics experimental apparatus 
Figure 3.4 CFMF unit
Figure 3.5 Saturated floating medium flocculator and the medium (polystyrene beads)
Figure 3.6 Schematic of flocculation-adsorption-microfiltration hybrid system
Figure 3.7 The schematic diagram of the CFMF experimental set-up
Figure 3.8 Laboratory-scale CFMF system
Figure 3.9 Experimental set-up of SMAHS
Figure 3.10 SMAHS system and hollow fiber membrane module
Figure 3.11 Experimental set-up of SF-PAC-SMF hybrid system
Figure 4.1 Influent variations over experimental period (turbidity (NTU); orthophosphate 
(PO4'3 mg/ L); TOC (ppm C); suspended Solids (mg/ L)
XV
Figure 4.2 MWSD of adsorption kinetics at different time (PAC dose = 1 g/L; initial 
TOC = 2.5519 mg/L; stirring speed =110 rpm)
Figure 4.3 MWSD of adsorption as pretreatment (initial TOC = 2.5519 mg/L; stirring 
speed =110 rpm; mixing time = 1 hour)
Figure 4.4 MWSD of flocculation as pretreatment (initial TOC = 2.5519 mg/L; rapid 
mixing = 1 min; slow mixing = 20 min)
Figure 4.5 MWSD of flocculation-adsorption as pretreatment (initial TOC = 2.5519 
mg/L; adsorption stirring speed =110 rpm; mixing time = 1 hour)
Figure 4.6 TOC removal efficiency of adsorption-CFMF system (influent TOC = 2.4-3 
mg/L; initial filtration flux = 200 L/m2.h; membrane backwash frequency = 
36 min; PAC mixing speed = 125 rpm; PAC mixing time = 5 min)
Figure 4.7 TOC removal efficiency of adsorption-CFMF system (influent TOC = 2.4 -3 
mg/L; membrane backwash frequency = 36 min (backwash duration = 2 
min); PAC mixing speed = 125 rpm)
Figure 4.8 TOC removal efficiency of adsorption-CFMF system (influent TOC = 2.4-3 
mg/L; PAC dose = 1 g/L; membrane backwash frequency = 36 min; PAC 
mixing speed = 125 rpm; PAC mixing time = 5min)
Figure 4.9 TOC removal efficiency of adsorption-CFMF system (influent TOC = 2.4-3 
mg/L; PAC dose = 1 g/L; initial filtration flux = 250 L/m2.h; PAC mixing 
speed =125 rpm; PAC mixing time = 5min)
Figure 4.10 Removal efficiency comparisons with and without flocculation as 
pretreatment (filtration flux: 220 L/m2.h; membrane backwash frequency = 
36 min (backwash duration 2 min); FMF velocity = 30 m/h; FeCf dose = 
50 mg/L; flocculator backwash frequency = 60 min (backwash duration 1 
min))
Figure 4.11 Variation of filtration flux of CFMF with filtration time for different 
pretreatment (filtration flux = 220 L/m2.h; membrane backwash frequency 
= 36 min; filtration velocity = 30 m/h; PAC = 1 g/L; FeCf = 50 mg/L; 
flocculator backwash frequency = 60 min)
Figure 4.12 TOC removal at different stages of the flocculation-adsorption- 
microfiltration hybrid system (initial filtration flux = 220 L/m2.h; 
membrane backwash frequency = 36 min; PAC = 1 g/L; FeCf = 50 mg/L; 
FMF filtration velocity = 30 m/h; flocculator backwash frequency = 60 
min)
Figure 4.13 TOC removal at different stages of the flocculation-adsorption- 
microfiltration hybrid system (initial filtration flux = 270 L/m2.h; 
membrane backwash frequency = 36 min; PAC = 1 g/L; FeC13 = 50 mg/L; 
FMF filtration velocity = 30 m/h; flocculator backwash frequency=60 min)
XVI
Figure 5.1 Comparison of flux profile with the flux below and above critical flux
Figure 5.2 MW distribution of synthetic wastewater with and without different 
pretreatments
Figure 5.3 CFMF experiments with constant filtration flux (synthetic wastewater; 
membrane pore size = 0.45 /mi; crossflow velocity = 0.15 m/s)
Figure 5.4 CFMF experiments with constant Filtration flux with flocculation as 
pretreatment (synthetic wastewater; membrane pore size = 0.45 /mi; FeCf 
dose = 68 mg/L; crossflow velocity = 0.15 m/s)
Figure 5.5 CFMF experiments with constant filtration flux with adsorption as 
pretreatment (synthetic wastewater; membrane pore size = 0.45 /xm; PAC 
dose = 2 g/L; crossflow velocity = 0.15 m/s)
Figure 5.6 CFMF experiments with constant filtration flux of synthetic wastewater with 
flocculation-adsorption as pretreatment (synthetic wastewater; membrane 
pore size = 0.45 /xm; PAC dose = 2 g/L; FeCf = 68 mg/L; crossflow velocity 
= 0.15 m/s)
Figure 5.7 CFMF experiments with constant filtration flux (synthetic wastewater;
membrane pore size = 0.45 /xm; crossflow velocity = 0.15 m/s; filtration 
time at constant flux = 2 hour)
Figure 5.8 CFMF experiments with constant filtration flux with adsorption as 
pretreatment (synthetic wastewater; membrane pore size = 0.45 /xm; PAC 
dose = 2 g/L; crossflow velocity = 0.15 m/s)
Figure 5.9 CFMF experiments with constant filtration flux with flocculation as 
pretreatment (synthetic wastewater; membrane pore size= 0.45 /xm; FeCf 
= 68 mg/L; crossflow velocity = 0.15 m/s)
Figure 5.10 CFMF experiments with constant filtration flux with flocculation- 
adsorption as pretreatment (synthetic wastewater; membrane pore size = 
0.45 /xm; PAC dose = 2 g/L; FeCf = 68 mg/L; crossflow velocity = 0.15 
m/s)
Figure 5.11 40 minutes constant permeate flux of synthetic wastewater at different 
crossflow velocity values (membrane pore size = 0.45 /xm)
Figure 5.12 Effect of crossflow velocity on critical flux of preflocculated synthetic 
wastewater (membrane pore size = 0.45 /xm)
Figure 5.13 Effect of crossflow velocity on critical flux of synthetic wastewater after 
adsorption as pretreatment (membrane pore size = 0.45 /xm)
XVII
Figure 5.14 Effect of crossflow velocity on critical flux of synthetic wastewater after 
flocculation and adsorption as pretreatment (membrane pore size = 0.45 
pm)
Figure 5.15 MW distribution of Homebush biologically treated effluent with and 
without different pretreatments
Figure 5.16 CFMF experiments with constant filtration flux (Homebush biologically 
treated effluent; crossflow velocity = 0.15 m/s; membrane pore size= 0.65 
pm)
Figure 5.17 CFMF experiments with constant filtration flux after adsorption as 
pretreatment (Homebush biologically treated effluent; PAC dose = 2 g/L; 
crossflow velocity = 0.15 m/s; membrane pore size = 0.65 pm)
Figure 5.18 CFMF experiments with constant filtration flux after batch flocculation as 
pretreatment (Homebush biologically treated effluent; batch reactor mode; 
FeCf = 50 mg/L; crossflow velocity = 0.15 m/s; membrane pore size = 
0.65 pm)
Figure 5.19 CFMF experiments with constant filtration flux after FMF flocculation as 
pretreatment (Homebush biologically treated effluent;; FMF mode, FeCf 
= 50 mg/L; crossflow velocity = 0.15 m/s; membrane pore size = 0.65 pm)
Figure 5.20 Effect of flocculation (batch reactor) and adsorption as pretreatment on 
critical flux (Homebush biologically treated effluent; PAC = 2 g/L; FeCl3 = 
50 mg/L; crossflow velocity = 0.15 m/s; membrane pore size = 0.65 pm)
Figure 5.21 Effect of flocculation (FMF) and adsorption as pretreatment on critical flux 
(Homebush biologically treated effluent; PAC = 2 g/L; FeCf = 50 mg/L; 
crossflow velocity = 0.15 m/s; membrane pore size = 0.65 pm)
Figure 5.22 CFMF experiments with constant filtration flux (Gwangju biologically 
treated effluent; crossflow velocity = 0.15 m/s; membrane pore size= 0.45 
pm)
Figure 5.23 CFMF experiments with constant filtration flux after batch flocculation as 
pretreatment (Gwangju biologically treated effluent; FeCf = 120 mg/L; 
crossflow velocity = 0.15 m/s; membrane pore size = 0.45 pm)
Figure 5.24 CFMF experiments with constant filtration flux after adsorption as 
pretreatment (Gwangju biologically treated effluent; PAC dose = 2 g/L; 
crossflow velocity = 0.15 m/s; membrane pore size = 0.45 pm)
Figure 5.25 CFMF experiments with constant filtration flux after flocculation- 
adsorption as pretreatment (Gwangju biologically treated effluent; PAC = 
2 g/L; FeCl3= 120 mg/L; crossflow velocity = 0.15 m/s; membrane pore 
size = 0.45 pm)
XVIII
Figure 5.26 Long term CFMF experiments with constant filtration flux with 
flocculation-adsorption as pretreatment (Gwangju biologically treated 
effluent; PAC dose = 2 g/L; FeCf = 120 mg/L; crossflow velocity = 0.15 
m/s; membrane pore size = 0.45 pm)
Figure 5.27 MW distribution of Gwangju biologically treated effluent with and without 
different pretreatments
Figure 5.28 MW distribution of biologically treated effluent without any pretreatment 
(Gwangju wastewater water; crossflow velocity = 0.15 m/s; membrane pore 
size= 0.45 pm)
Figure 5.29 MW distribution of biologically treated effluent after flocculation (Gwangju 
wastewater water; crossflow velocity = 0.15 m/s; membrane pore size= 0.45 
Mm)
Figure 5.30 MW distribution of biologically treated effluent after adsorption (Gwangju 
wastewater water; crossflow velocity = 0.15 m/s; membrane pore size = 
0.45 pm)
Figure 5.31 SEM of new membrane and membrane after critical flux with different 
pretreatment (Gwangju wastewater water; crossflow velocity = 0.15 m/s; 
membrane pore size= 0.45 pm)
Figure 6.1 Adsorption isotherm of synthetic wastewater (initial TOC = 3.87 mg/L)
Figure 6.2 Adsorption kinetics of synthetic wastewater at different doses of PAC 
(initial TOC = 3.63 mg/L; stirring speed 110 rpm; C = effluent TOC 
concentration, mg/L and Co = influent TOC concentration, mg/L)
Figure 6.3 TOC removal efficiency of effluent at different durations of preadsorption 
(filtration flux = 48 L/m2.h; PAC dose = 5 g/L; aeration rate = 8 L/min)
Figure 6.4 TMP profile at different durations of preadsorption (filtration flux = 48 
L/m2.h; PAC dose = 5 g/L; aeration rate = 8 L/min)
Figure 6.5 TOC removal efficiency of PAC in PAC-MF reactor at different durations of 
preadsorption (filtration flux = 48 L/m2.h; PAC dose = 5 g/L; aeration rate = 
8 L/min)
Figure 6.6 Model prediction of effluent concentration at different aeration rates 
(filtration flux = 48 L/m2.h; PAC = 5 g/L; preadsorption = 1 hour; Ds = 
4.709xl0'15)
Figure 6.7 Variation of the model parameters of SMAHS at different aeration rates 
(filtration flux = 48 L/m2.h; PAC = 5 g/L; Preadsorption = 1 hour; Ds = 
4.709x10’15)
Figure 6.8 TOC removal efficiency at different aeration rates (filtration flux = 48 
L/m2.h; PAC dose = 5 g/L; preadsorption = 1 hour)
XIX
Figure 6.9 TOC removal efficiency at different backwash frequencies (filtration flux = 
48 L/m2.h; PAC dose = 2 g/L; preadsorption = 1 hour; aeration rate = 16 
L/min)
Figure 6.10 TMP profile at different backwash frequencies (filtration flux = 48 L/m .h; 
PAC dose = 2 g/L; preadsorption = 1 hour; aeration rate = 16 L/min)
Figure 6.11 Model prediction of organic removal at different PAC doses (filtration flux 
= 48 L/m2.h; preadsorption = 1 hour; aeration rate =16 L/min; backwash 
frequency = 1 hour; backwash duration = lmin; backwash rate = 120 
L/m Mi; Ds = 4.709x10‘15; C = effluent TOC concentration, mg/L and Co = 
influent TOC concentration, mg/L)
Figure 6.12 Effect of PAC dose on the TMP development (filtration flux = 48 L/m2.h;
preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency = 1 
hour; backwash duration = 1 min; backwash rate = 120 L/m2.h)
Figure 6.13 Model prediction of organic removal at different filtration flux (PAC dose 
= 5 g/L; preadsorption = 1 hour; aeration rate =16 L/min; backwash 
frequency = 1 hour; backwash duration = lmin; backwash rate = 2.5 times 
of filtration flux; Ds = 4.709x10‘15; C = effluent TOC concentration, mg/L 
and Co = influent TOC concentration, mg/L)
Figure 6.14 Effect of different filtration flux on the TMP development (PAC dose = 5 
g/L; preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency 
= 1 hour; backwash duration = lmin; backwash rate = 2.5 times of filtration 
flux)
Figure 6.15 TMP profile of SMF and PAC-SMF versus operation time (filtration flux = 
60 L/m2.h; aeration rate = 12 L/min)
Figure 6.16 TMP profile of PAC-SMF at two different doses of PAC (filtration flux = 
60 L/m2.h; aeration rate = 12 L/min)
Figure 6.17 TMP profile of SF-SMF with floes settling and non-settling (filtration flux 
= 60 L/m2.h; FeCl3 dose = 60 mg/L; flocculation velocity gradient = 30 s"1; 
aeration rate = 12 L/min)
Figure 6.18 TMP profile of SF-PAC-SMF with floes settling and non-settling (filtration 
flux = 60 L/m2.h; PAC dose = 2 g/L; FeCb dose = 60 mg/L; flocculation 
velocity gradient = 30 s_1; aeration rate = 12 L/min)
Figure 6.19 TOC removal efficiency at different operation configurations (filtration flux 
= 60 L/m2.h; PAC dose = 2 g/L; FeCh dose = 60 mg/L; flocculation 
velocity gradient = 30 s”1; aeration rate = 12 L/min)
Figure 6.20 Comparison of TOC removal efficiency of SMAHS in case of using 
synthetic wastewater and biologically treated effluent (PAC dose = 5 g/L; 
preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency = 1 
hour 1 min; backwash rate = 2.5 times of filtration rate)
XX
Figure 6.21 Comparison of TMP development of SMAHS in case of using synthetic 
wastewater and biologically treated effluent (PAC dose = 5 g/L; 
preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency = 1 
hour 1 min; backwash rate = 2.5 times of filtration rate)
Figure 6.22 MWSD of the biologically treated effluent in the SMAHS (operation 
duration = hour)
Figure 6.23 MWSD of the biologically treated effluent in the SMAHS (operation 
duration 5 = hour)
Figure 6.24 MWSD of the biologically treated effluent in the SMAHS (operation 
duration = 10 hour)
Figure 7.1 TOC removal efficiency of the submerged membrane hybrid 
system without backwash (synthetic wastewater; influent TOC = 2-3.5 
mg/L; PAC dose = 1 g/L; filtration flux = 0.288 m3/m2d; aeration rate = 8 
L/min)
Figure 7.2 TMP development of the submerged membrane hybrid system without 
backwash (synthetic wastewater; influent TOC = 2-3.5 mg/L; PAC dose = 
1 g/L; filtration flux = 0.288 m3/m2d; aeration rate = 8 L/min)
Figure 7.3 TOC removal efficiency of the submerged membrane hybrid system with 
daily-backwash (synthetic wastewater; influent TOC = 2-3.5 mg/L, PAC 
dose = 5 g/L; filtration flux = 0.288 m3/m2d, backwash frequency = 1 day; 
backwash rate = 87 nr /m d; backwash duration = 2 minutes; aeration rate = 
8 L/min)
Figure 7.4 TMP development of the submerged membrane hybrid system with daily- 
backwash (synthetic wastewater; influent TOC = 2-3.5 mg/L, PAC dose = 5 
g/L; filtration flux = 0.288 m /m d, backwash frequency = 1 day; backwash 
rate = 87 m3/m2d; backwash duration = 2 minutes; aeration rate = 8 L/min)
Figure 7.5 TOC removal efficiency versus operation time (PAC dose = 5 g/L; filtration 
rate = 12 L/m .h; aeration rate =12 L/min; HRT = 0.56 day; backwash 
frequency = 2 times/day; backwash duration = 2 minutes; backwash rate = 
30 L/m2.h)
Figure 7.6 Variation of TOC of influent, PAC-MF reactor and effluent (PAC dose = 5 
g/L; filtration rate = 12 L/m .h; aeration rate = 12 L/min; HRT = 0.56 day; 
backwash frequency = 2 times/day; backwash duration = 2 minutes; 
backwash rate = 30 L/m2.h)
Figure 7.7 TOC removal efficiency of dry mass growth experiment (PAC dose = 5 g/L; 
aeration rate = 16 L/min)
Figure 7.8 Dry mass growth during experiment (PAC dose = 5 g/L; aeration rate = 16 
L/min)
XXI
Figure 7.9 Molecular weight size distribution of dry mass growth experiment (PAC 
dose = 5 g/L; aeration rate = 16 L/min)
Figure 7.10 TOC removal efficiency of SMAHS experiment at filtration flux of 24 
L/m2.h (PAC dose = 5 g/L; aeration rate =16 L/min; HRT = 0.21 day; 
backwash frequency = 1 hour; backwash duration = 1 minutes; backwash 
rate = 30 L/m2.h)
Figure 7.11 TMP development of SMAHS experiment at filtration flux of 24 L/m2.h 
(PAC dose = 5 g/L; aeration rate =16 L/min; HRT = 0.21 day; backwash 
frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 
L/m2.h)
Figure 7.12 Dry mass growth of SMAHS experiment at filtration flux of 24 L/m .h 
(PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.21 day; backwash 
frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 
L/m2.h)
Figure 7.13 DO concentration variation of SMAHS experiment at filtration flux of 24 
L/m2.h (PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.21 day; 
backwash frequency = 1 hour; backwash duration = 1 minutes; backwash 
rate = 30 L/m2.h)
Figure 7.14 The 14th day MWSD of SMAHS experiment at filtration flux of 24 L/m2.h 
(PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.21 day; backwash 
frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 
L/m2.h)
Figure 7.15 TOC removal efficiency of SMAHS experiment at filtration flux of 12 
L/m2.h (PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.42 day; 
backwash frequency = 1 hour; backwash duration = 1 minutes; backwash 
rate = 30 L/m2.h)
Figure 7.16 TMP development of SMAHS experiment at filtration flux of 24 L/m2.h 
(PAC dose = 5 g/L; aeration rate =16 L/min; HRT = 0.42 day; backwash 
frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 
L/m2.h)
Figure 7.17 DO concentration variation of the wastewater taken at different periods at 
filtration flux of 12 L/m2.h (PAC dose = 5 g/L; aeration rate = 16 L/min; 
HRT = 0.42 day; backwash frequency = 1 hour; backwash duration = 1 
minutes; backwash rate = 30 L/m“.h)
Figure 7.18 The actual oxygen consumption rate of SMAHS experiment at filtration 
flux of 12 L/m2.h (PAC dose = 5 g/L; aeration rate =16 L/min; HRT = 
0.42 day; backwash frequency = 1 hour; backwash duration = 1 minutes; 
backwash rate = 30 L/m2.h)
XXII
Figure 7.19 Dry mass growth of SMAHS experiment at filtration flux of 12 L/m2.h 
(PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.42 day; backwash 
frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 
L/m2.h)
Figure B1 The experimental set-up of stirred cell
Figure B2 The permeate flux decline of synthetic wastewater with and without 
adsorption as pretreatment (influent TOC = 2.8176 mg/L; TMP = 150 kPa)
Figure B3 The permeate flux decline of Homebush wastewater with and without 
flocculation as pretreatment (initial wastewater TOC = 3.7744 mg/L; TMP 
= 150 kPa; FMF velocity = 30 m/h; FeCf dose = 50 mg/L; flocculator 
backwash frequency = 60 min (backwash duration 1 min))
Figure B4 The permeate flux decline of Homebush wastewater with and without 
adsorption as pretreatment (initial wastewater TOC = 3.7744 mg/L; TMP = 
150 kPa)
Figure B5 The permeate flux decline of flocculated Homebush wastewater with and 
without adsorption as pretreatment (initial wastewater TOC = 3.7744 mg/L; 
TMP = 150 kPa; FMF velocity = 30 m/h; FeCf dose = 50 mg/L; flocculator 
backwash frequency = 60 min (backwash duration 1 min))
XXIII
ABSTRACT
Generally, the conventional wastewater treatment cannot remove all the effluent organic 
matter (EfOM) such as synthetic organic chemicals and natural organic matter etc. As a 
result, the biologically treated effluent from sewage treatment plant needs to undergo 
further advanced treatment processes. To obtain water of recyclable quality, initially 
physico-chemical processes such as flocculation, sedimentation, filtration and 
adsorption were normally used. However, with advanced technologies and ever 
increasing stringent water quality criteria, membrane processes are becoming more 
attractive in water reuse.
Among different membrane processes, although microfiltration (MF) can be operated 
economically, it alone cannot remove organic matter. If MF is combined with an 
enhanced flocculation or/and adsorption, it will be able to reduce superior level of 
organic contaminants. The aims of this study are: (i) improving the dissolved organic 
removal and reduce membrane fouling of two membrane hybrid systems (crossflow 
microfiltration (CFMF) and submerged membrane adsorption hybrid system (SMAHS)) 
using different pretreatment methods (flocculation, adsorption and flocculation- 
adsorption); (ii) investigating the critical flux of a laboratory-scale CFMF with and 
without different pretreatments.
The incorporation of powdered activated carbon (PAC) as pretreatment to CFMF 
resulted in high TOC removal efficiency (more than 80%) when the PAC-CFMF system 
was operated at a relatively high filtration flux of 250 L/m2.h. The incorporation of 
flocculation and PAC as pretreatments to CFMF process resulted in a very high TOC 
removal efficiency (99.7%) and a stable filtration flux during 5-hour filter run (less than 
12% flux decline), when the hybrid system was operated at a higher filtration flux (270 
L/m2.h).
Application of membrane processes requires lower investment and operating costs. One 
of the ways is to operate system at a constant filtration flux below the critical flux. With 
both flocculation and adsorption as pretreatment to CFMF, the critical flux of 
biologically treated effluent increased dramatically (5-7 times increase).
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The preadsorption, PAC dose, aeration rate and filtration flux had effects both on 
organic matter removal efficiency and TMP development. The preadsorption of 1 hour 
prior to the membrane operation was important in mitigating the membrane fouling. The 
suitable aeration rate, filtration flux and initial PAC dosing were 16 L/min, < 24 L/m.h 
and 5 g/L respectively for the wastewater used in this study. The long term SMAHS 
experiments conducted with regular PAC replacement indicated that the PAC 
replacement in PAC-MF reactor could stimulate both biological activity and adsorption, 
as well as optimize the operation of the hybrid system.
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